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Objective: Bone sawing or cutting is widely used for bone removal processes in bone surgery. It is an
essential skill that surgeons should execute with a high level of experience and sensitive force perception.
Surgical training simulators, with virtual and haptic feedback functions, can offer a safe, repeatable and
cost-effective alternative to traditional surgeries. In this research, we developed a surgical training sim-
ulator with virtual and haptic force feedback for maxillofacial surgery, and we validated the effects on the
learning of bone-sawing skills through empirical evaluation.
Methods: Omega.6 from Force Dimension was employed as the haptic device, and Display300 from
SenseGraphices was used as the 3D stereo display. The voxel-based model was constructed using com-
puted tomography (CT) images, and the virtual tools were built through reverse engineering. The
multi-point collision detection method was applied for haptic rendering to test the 3D relationship
between the virtual tool and the bone voxels. Bone-sawing procedures in maxillofacial surgery were sim-
ulated with a virtual environment and real-time haptic feedback. A total of 25 participants (16 novices
and 9 experienced surgeons) were included in 2 groups to perform the bone-sawing simulation for
assessing the construct validity. Each of the participants completed the same bone-sawing procedure
at the predeﬁned maxillary region six times. For each trial, the sawing operative time, the maximal accel-
eration, and the percentage of the haptic force exceeding the threshold were recorded and analysed to
evaluate the validity. After six trials, all of the participants scored the simulator in terms of safe force
learning, stable hand control and overall performance to conﬁrm the face validity. Moreover, 10 novices
in 2 groups indentiﬁed the transfer validity on rapid prototype skull models by comparing the operative
time and the maximal acceleration.
Results: The analysed results of construct validity showed that the two groups signiﬁcantly reduced their
sawing operative times after six trials. Regarding maximal acceleration, the curve signiﬁcantly descended
and reached a plateau after the ﬁfth repetition (novices) or third repetition (surgeons). Regarding safe
haptic force, the novices obviously reduced the percentage of the haptic force exceeding the threshold,
with statistical signiﬁcance after four trials, but the surgeons did not show a signiﬁcant difference. More-
over, the subjectively scored results demonstrated that the proposed simulator was more helpful for the
novices than for the experienced surgeons, with scores of 8.31 and 7.22, respectively, for their overall per-
formance. The experimental results on skill transference showed that the experimental group performed
bone-sawing operation in lower maximal acceleration than control group with a signiﬁcant difference
(p < 0.05). These ﬁndings suggested that the simulator training had positive effects on real sawing.
Conclusions: The evaluation results proved the construct validity, face validity and the transfer validity of
the simulator. These results indicated that this simulator was able to produce the effect of learning bone-
sawing skill, and it could provide a training alternative for novices.
 2013 Elsevier Inc. All rights reserved.1. Introduction maxillofacial surgery) that involves many steps in which differentBone sawing or cutting is a complex hard tissue removal process
applied in bone surgery (orthopaedic surgery or cranio-essential skills are required. The surgeonmust be very careful to ap-
ply appropriate forces and to operate the tools at appropriate
speeds to avoid over-operation. Becoming a skilful surgeon with
sensitive force perception requires rigorous training and iterative
practice. Traditionally, surgical trainees have often watched and
performed operations on models, animals or cadavers under the
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dures themselves. This surgical education system has many draw-
backs in terms of efﬁciency, cost, ﬂexibility, and safety [1,2].
Visuo-haptic interactive simulators, with both visual and haptic
(tactile) feedback, have been rapidly developed in recent years to
provide a realistic, cost-effective, safe and repeatable alternative
to traditional surgical training methods, and these simulators have
played an increasing role in surgical education and training [1,3].
Virtual reality systems have used computers to create virtual envi-
ronments for simulating real-world scenarios, and haptic devices
have been employed to assist in surgical training through virtual
simulations of surgical procedures with haptic feedback. These vi-
suo-haptic simulators can provide tactile, visual and audio sensa-
tions or information to create a realistic training scenario, in
which novice surgeons can practice surgical operations, thus
allowing them to make mistakes without serious consequences.
As a result, the pre-trained novice can practice to master the basic
skills and can undertake cognitive planning of surgical tasks [4].
The aim of this research was to simulate bone-sawing opera-
tions and evaluate the validity of the learning of bone-sawing skill
among trainees. For bone surgeries, bone-machining tasks are
force skills, which require the trainee to operate the tools at an
appropriate feed velocity with a stable hand and to remember
the quantity of force applied to the tool. It is a challenging task
to create realistic haptic interactions between a high spindle-speed
saw, operating at more than 10,000 rpm (revolutions per minute),
and stiff bone. In this study, we constructed a virtual bone model
for haptic rendering, based on the voxel model [5], and it had the
advantage of taking into consideration the heterogeneous proper-
ties of materials. Further, the major variables (bone density, feed
velocity and spindle speed) were considered in calculating the hap-
tic forces of the bone-sawing operation. Moreover, we employed
the multi-point collision detection method [6] to test the interac-
tion between the tool and the virtual bone model, with the hope
of achieving more real haptic forces. To evaluate the construct
validity, face validity and transfer validity of the proposed simula-
tor, three experiments were included in this study to analyse the
effects of the learning bone-sawing skill.
The rest of the paper is organized as follows: Section 2 intro-
duces the related previous work. Section 3 presents the develop-
ment of the simulator with graphic rendering and haptic
rendering. The simulator validity is tested in Section 4 with a mul-
ti-tiered testing strategy. Section 5 is the discussion and conclusion.2. Related work
Recently, many researchers have undertaken studies to improve
the bone-machining interactions in arthroscopy [7], dental surgery
[8,9], orthopaedic surgery [10,11] and cranio-maxillofacial surgery
[12,13]. Most of the research into bone-machining simulations has
focused on bone-drilling [10,14], burring [12,15,16] or milling [17]
processes because the drill head can be easily approximated with a
simple shape (sphere or cylinder), and the collision detection is less
time-consuming [13]. As bone sawing or cutting is the one of the
most important basic skills that is applied in bone surgeries, it
was necessary to develop a visuo-haptic training simulator for
bone-sawing procedures. Hsieh et al. [18] developed an amputa-
tion simulator with bone-sawing haptic interaction to simulate
the distal femur being separated with an oscillating saw, but many
major coefﬁcients (cutting velocity and feed rate) were neglected
in the haptic force computation. Wang et al. [19] developed a sur-
gical simulator for mandibular angle reduction with a reciprocat-
ing saw and a round burr, based on an impulse-based rendering
method with a surface mesh model. Chen et al. [20] presented a
haptic and visual surgery training platform prototype to performcutting of the cranium using a force feedback function, in which
the cutting function module with only a single-point sensor.
In our paper, a visuo-haptic training simulator is proposed for
bone-sawing based on voxel model and multi-point collision
detection method. Bone density, feed velocity and spindle speed
of the saw were considered to compute the haptic forces. Multi-
threading computation environment was implemented to asyn-
chronously rendering the graphic and haptic simulation.
For effective learning of surgical skills using surgical training
simulators, many researchers have reported several methods to
evaluate different types of validities [21]. There have been a num-
ber of studies of skill assessments for simulators of laparoscopy
[22] and endoscopy [23], and many researchers have contributed
efforts in bone-drilling or burring skill evaluations [11,24,25]. Mor-
ris et al. [24] showed that, for bone-machining simulations, learn-
ing with visuo-haptic feedback was signiﬁcantly better than
learning the same tasks with visual feedback alone [26]. However,
to the best of our knowledge, the research into the training effects
of the learning of bone-sawing skill has been very scarce [19].
Wang et al. [19] evaluated an impulse-based simulator regarding
its ability to train. Fourteen volunteers, in two groups, were in-
cluded in their study to conﬁrm the face validity and construct
validity of the simulator. However, the skill transference and skill
retention were not discussed in their study.
In our paper, three experiments are conducted to evaluate the
construct validity, face validity and transfer validity of the pro-
posed simulator in learning bone-sawing skill.3. Simulator development
In this study, Omega.6 from Force Dimension was employed as
the haptic device. The Omega.6 is a pen-like haptic device, and it
has 6 degrees of freedom (6DoF) and 3 degrees of force feedback
(3DoFF). True 3D stereo performance in high resolution was shown
on the Display 300 from SenseGraphices, which employs shutter
glasses technology together with a high-performance 120 Hz LCD
monitor. The following sections detail the design and development
of the bone-sawing simulator.3.1. Graphic rendering
For virtual surgery, high visualisation quality and real-time dis-
play are essential for a realistic simulation. This simulator utilised
the well-known marching cube algorithm [27] to obtain polygon
mesh from CT scans of 0.625 mm in slice thickness. The cranio-
maxillofacial model, with important anatomical objects, including
skin, teeth, gingiva, tongue and the inner oral wall, was reﬁned,
and the photo textures were added for visual interaction (Fig. 1).
The bone removal process was represented by the voxel-based
model [5], which enabled the implementation of volume structural
changes and which considered the heterogeneous properties of the
bone. During the bone-sawing simulation, once the virtual tool col-
lided with the voxel-based model, the virtual model continuously
changed and updated to simulate bone deformation. With the vox-
el-based haptic simulator, the interactive manipulation of huge
datasets in real time was a challenging issue. The more complex
the model, with voxels of small size, was constructed, the more
computational time was needed for the simulation. To achieve a
balance between computing complexity and realism in real time,
we constructed the voxel-based model at a size of
0.3  0.3  0.3 mm [28] in the vicinity of the operative region to
simulate bone-sawing processes.
Virtual tool modelling was the other important part of the vir-
tual environment because the geometry or representation of the
tool was essential to collision detection, force computation, haptic
Fig. 1. Virtual environment with important anatomical objects for cranio-maxillo-
facial surgery.
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and other basic tools for cranio-maxillofacial surgery were con-
structed using laser-scan data and reverse engineering technology
due to their complex shapes. By adding steel-like materials and
texture, the realistic virtual saw was rendered in the visuo-haptic
simulator (Fig. 2). The trainees were supposed to hold the pen-like
end effector of the haptic device to operate the virtual tool. The tip
position of the virtual tool was in the top point position of the end
effector, and the tool attitude was set to coincide with the haptic
device’s attitude via the Omega.6 device, which was capable of pro-
viding the 6D position and orientation data of the virtual tool and
of generating 3D force feedback for the user. During the simulation,
the position and orientation of the virtual tool were continuously
updated, according to the position of the end effector of the haptic
device.
3.2. Haptic rendering
During bone-machining simulations, the surgeon must be
careful not to apply excessive force to avoid over-operation,
especially when the cortical bone is about to be pierced. There-
fore, feedback force with high ﬁdelity was required in the surgi-
cal training simulator. There were two key components for the
interaction of bone machining: collision detection and haptic
feedback.
Fast and accurate collision detection between the virtual tool
and virtual bone model is a fundamental problem in simulating
hard tissue removal and force feedback in bone-machining simula-
tions. Multi-point collision detection methods [6] have been devel-
oped recently, which use multiple points on the surface of the tool
to achieve more realistic simulations and tool–bone interaction. In
this research, we set a group of sample points on the saw-toothFig. 2. Virtual saw with steel-like material and texture.peaks, and each sample point was tested for contact with the bone
voxels. In this manner, each sample point contributed a vector to
the overall force, which was oriented along a vector of the saw’s
movement. Collision detection of each sample point in this re-
search was achieved by employing the hierarchical volume-bound-
ing method, in which the volume is described by a hierarchy of
bounding volumes. In the bone-sawing simulation, once the simu-
lator detected that the voxels collided with the sample point of the
virtual saw, the simulator would feed back the haptic force to the
operator by computing the direction and magnitude of the force in
each active collision point force (Fig. 3). The voxels that came in
contact with the tool were deleted if the force that was applied ex-
ceeded a certain threshold.
For the haptic force simulation, three major variables (bone
density, feed velocity and spindle speed) were considered in this
simulator to compute the haptic forces. For bone sawing, feed
velocity was the moving speed of the saw in the direction of cut-
ting line creation. In this study, feed velocity was calculated by
recording the saw’s previous and current position and orientation
in haptic device. Spindle speed was the reciprocating speed of
the saw blade along its own long axis. In this simulator the user
can set the value of spindle speed. As the bone was non-homoge-
neous and non-isotropic material, its stiffness varied in different
regions. It was necessary to build the bone model with cortical
and trabecular bone structure, which have different bone density
values. In this study we registered the density value of each voxel
according to the Hounsﬁeld values on CT images, which have
strong correlations with bone density.3.3. Software architecture
To run the components of the visual and haptic training simula-
tor asynchronously, a multi-threading computation environment
was implemented, which allowed us to maintain update rates of
1000 Hz for haptic rendering and 30 Hz for graphic rendering
(Fig. 4). The continuous feedback force was computed according
to the collision detection between the voxel-based bone model
and the high spindle-speed tool, based on the inputted variables.
Once the system detected that the virtual bone model collided
with the virtual saw blade, the voxels that came into contact with
the tool were deleted to simulate bone deformation, the continu-
ous overall force was simultaneously fed back to the operator to
simulate the tactile sensation of the bone-sawing procedure, and
a sound signal was used for auditory rendering of tool–bone inter-
action. A graphical user interface (GUI) was designed and devel-
oped with the support of the OpenGL (http://www.opengl.org/)
graphics library, and the haptic component of the simulation was
developed using the Computer Haptics & Active Interfaces
(CHAI3D, http://www.chai3d.org/).Fig. 3. Force calculation of bone-sawing procedures for two consecutive steps.
Fig. 4. System architecture of the proposed simulator with the multi-threading computation environment.
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A multi-tiered testing strategy was conducted to evaluate the
simulator validation. Three experiments were described in this
study to evaluate the construct validity, face validity, and transfer
validity in learning bone-sawing skill. All experiments were
conducted with approval from Internal Review Boards (IRB) of
the involved institutions, and all experiments were single-blinded
trials.
The ﬁrst experiment was aimed at evaluating the construct
validity of the simulator. The hypothesis for this experiment was
that the simulator can improve the performance on virtual bone-
sawing with repeated practice and the simulator can differentiate
between surgeons and novices. Section 4.1 described this
experiment.
The second experiment was designed to prove the face validity
of the simulator, i.e., to determine the realism of the proposed sim-
ulator. The hypothesis for this study was that the simulator can
represent what it was supposed to represent. This experiment
was described in Section 4.2.
The third experiment was aimed at identifying the transfer
validity of bone-sawing skill learning. The hypothesis for this study
was that sawing skill learning on the virtual simulator can be
transferred to real-world bone-sawing. A control group study
was conducted to test this hypothesis. This experiment was de-
scribed in Section 4.3.
4.1. Construct validity
4.1.1. Participants
For this experiment, a total of 25 right-handed participants, 19
male and 6 female, aged 21–45 years old, were included in 2
groups to execute the bone-sawing simulation. All of the partici-
pants were from the Shanghai Ninth People’s Hospital. The partic-
ipants included 9 experienced surgeons with 2–5 years of surgical
experience in oral and maxillofacial surgery and 16 novices with
no surgical experience (ﬁrst year graduate students in medical
school). None of the participants had previous experience with
interactive simulators incorporating haptic devices.4.1.2. Experimental procedure
Before performing the virtual bone sawing procedure, the nov-
ices were asked to become familiar with the surgical procedures
through operative videos, pictures and texts. All of the participants
were provided a tutorial of the bone-sawing simulation with guid-
ance from the researchers. Each participant had 10–15 min to prac-
tice with the haptic device, using the interface indication of the
haptic force and feed velocity.
The task for the participant was to perform the bone-sawing
procedure along a predeﬁned region of the maxilla at a constant
spindle speed. Each of the participants was invited to perform
the same bone-sawing procedure 6 times (Fig. 5). For each trial,
the operative time and the haptic forces of the whole bone-sawing
process were recorded for evaluation and study. Moreover, the feed
velocity and acceleration of the tool were derived from the tool tip
position, with a cut-off of 10 Hz (repeated every 100 ms).
4.1.3. Results
For each trial, we analysed the sawing operative time, the max-
imal acceleration, and the percentage of the haptic force exceeding
the predeﬁned threshold (10 N) for the 2 groups [19,29,30] to as-
sess the surgical skills. The sawing operative time was the entire
time from the haptic force’s beginning to its end. The maximal
acceleration was computed based on the feed velocity difference
every 100 ms. The skilled surgeons were supposed to operate the
tool with low acceleration, indicating control of the tool with a sta-
ble hand. The percentage of the haptic force exceeding the thresh-
old was computed as the proportion of the haptic force exceeding
the threshold divided by the total haptic force during each bone-
sawing trial. This percentage was considered the criterion for
bone-sawing skill with safe force control.
The tested results are shown in Fig. 6. As seen in Fig. 6(a), the
bone-sawing operative time for both of the groups decreased sig-
niﬁcantly between the ﬁrst and last trials using Friedman’s test
(p < 0.001), in which the novice group reduced the operative time
from 29.08 to 23.42 s, and the experienced surgeon group reduced
the time from 24.30 to 21.06 s. As seen in Fig. 6(b), the novice
group signiﬁcantly (p < 0.001) reduced the maximal acceleration
from 12.78 to 8.51 mm/s2, and the curve reached a plateau after
Fig. 5. Empirical study: (a) a surgeon evaluating use of the simulator and (b) the bone sawing procedure for six trials.
Fig. 6. Learning curves of the novices and surgeons for: (a) difference in operative time; (b) difference in maximal acceleration; and (c) difference in the percentage of the
haptic force exceeding the threshold. Error bars indicate 95% conﬁdence intervals.
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cantly (p < 0.001) decreased the maximal acceleration from 5.96
to 3.22 mm/s2, and the curve reached a plateau after the third
repetition (p > 0.236). As seen in Fig. 6(c), the novices obviously
reduced the percentage of haptic force exceeding the predeﬁned
threshold from 18.91% to 13.42%, with statistical signiﬁcance
(p < 0.001), and after 4 trials, the percentage was not signiﬁcantly
different (p > 0.144). However, the experienced group did not show
a signiﬁcant difference (p > 0.216) in percentage, of approximately
7%. These clear differences between the novices and the
experienced surgeons demonstrated the simulator’s construct
validity.
4.2. Face validity
4.2.1. Participants
For this experiment, all 25 participants were invited to answer a
questionnaire for the utility of the simulator as a tool for learning
force skills after performing 6 trials in the ﬁrst experiment.4.2.2. Experimental procedure
A 0–10 Likert scale was employed in this experiment for the
participants to score the simulator, with 10 being excellent and 0
being poor. The participants were asked to subjectively evaluate
the simulator in 3 parts: safe force learning; stable hand control;
and the overall performance of bone-sawing simulation.
4.2.3. Results
Table 1 summarises the scored results of the participants. For
safe force learning, a global score of 8.04 out of 10, with a standard
deviation of 1.02 and a closed 95% conﬁdence interval of (7.62,
8.46), was obtained. For stable hand control, a global score of
7.96 out of 10, with a standard deviation of 0.68 and a closed
95% conﬁdence interval of (7.68, 8.24), was acquired. For the
overall performance of the bone-sawing simulation, the simulator
obtained a good global score of 7.84 out of 10, with a standard
deviation of 0.85 and a closed 95% conﬁdence interval of (7.49,
8.19). In fact, 64% of participants score the simulator at 8 or greater,
and 94% of participants scored the simulator at 7 or greater,
Table 1
Scoring results of the two groups for the utility of the simulator.
Variable For novices For surgeons Mean difference Global score
Safe force learning Mean (Std.) 8.56 (0.81) 7.22 (0.67) 1.34 (0.32) 8.04 (1.02)
95% C.I. (813,9.00) (6.71,7.73) (0.68,2.00) (7.62,8.46)
Stable hand controlling Mean (Std.) 8.25 (0.68) 7.56 (0.53) 0.69 (0.26) 7.96 (0.68)
95% C.I. (7.89,8.61) (7.15,7.96) (0.15,1.24) (7.68,8.24)
Overall performance Mean (Std.) 8.31 (0.79) 7.22 (0.44) 1.09 (0.25) 7.84 (0.85)
95% C.I. (7.89,8.74) (6.88,7.56) (0.58,1.60) (7.49,8.19)
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useful for the learning of bone-sawing skills.
We compared the scores between the novices and the surgeons.
For safe force learning, the mean difference of 1.34, with a 95% con-
ﬁdence interval of (0.68, 2.00), was statistically signiﬁcant
(p < 0.001). For stable hand control, the mean difference of 0.69,
with a 95% conﬁdence interval of (0.15, 0.24), was also statistically
signiﬁcant (p = 0.015), and for the overall performance of the bone-
sawing simulation, there was a signiﬁcant difference (p < 0.001)
between the novices and the experienced surgeons, with a mean
difference of 1.09, with a 95% conﬁdence interval of (0.58, 1.60).
These ﬁndings demonstrated that the novice group regarded the
proposed simulator as more helpful than the experienced group
did.
From the scored results regarding the effects of bone-sawing
skill learning, we can afﬁrm that the proposed simulator showed
face validity.
4.3. Transfer validity
4.3.1. Participants
For this experiment, 10 novice participants (ﬁrst year graduate
students from the Shanghai Ninth People’s Hospital) were chosen
to indentify the transfer validity, and none of the participants
had any experience in orthopedic surgical bone sawing. The partic-
ipants were divided into two groups of 5 each.
4.3.2. Experimental Procedure
Ten identical rapid prototype (RP) skull models were prepared
for this experiment. Their task was to perform the Lefort I osteot-
omy along the predeﬁned location on the skull models. Partici-
pants were provided a power micro-reciprocating saw with a
tracker for tracking purposes (Fig. 7). The feed velocity and acceler-
ation of the saw can be calculated by tracking the saw’s position
and orientation with the optical tracking system (Polaris, NDI
Canada). While the control Group A was directly put to the testFig. 7. Skill transference experiment setup: (a) performing the Lefort I osteotomof bone-sawing operation, intervention Group B was trained on
the simulator prior to the test. The task presented to the partici-
pants in Group B for practice was similar to the tasks described
in experiment 1. All participants in Group B were required that
the maximal acceleration was under 8 mm/s2 in at least three con-
secutive simulation trials before they were allowed to progress to
the testing stage. This took between 7 and 12 trials for bone-saw-
ing simulation.
4.3.3. Results
Fig. 8(a) compares the sawing operative time, indicating that
there were no signiﬁcant differences (p > 0.05) between the control
Group A and the experimental Group B for two trials. Fig. 8(b) com-
pares the maximal acceleration of Group A to Group B in Lefort I
osteotomy. Group B performed Lefort I osteotomy with lower
maximal acceleration than control Group A, and there was a
signiﬁcant difference (p < 0.05) in average maximal acceleration
between Group A (15.14 ± 2.14 mm/s2 in trial 1 and
14.6 ± 2.11 mm/s2 in trial 2) and Group B (11 ± 1.42 mm/s2 in trial
1 and 9.48 ± 1.55 mm/s2 in trial 2). These ﬁndings suggested that
the simulator training had positive effects on real sawing.
5. Discussion and conclusion
Bone sawing is a basic, typical skill in bone surgeries. The surgi-
cal training simulator with both visual and haptic feedback pro-
vides a training method for the users to perform bone-sawing
operation with stable hand and sensitive force perception.
In this study, training in bone-sawing skill was the major aim of
the development of the surgical training simulator for bone surger-
ies. A visuo-haptic training simulator was developed for bone-saw-
ing interaction, to train surgeons operating at an appropriate feed
velocity with a suitable force. The voxel-based model and multi-
point collision detection method were applied for bone-sawing
interaction, and three major variables were included in calculating
the bone-sawing forces.y using the saw with a tracker and (b) sawing results on RP skull model.
(a)
(b)
Fig. 8. Experiment results of the Group A and Group B for: (a) operative time and
(b) maximal acceleration. Error bars indicate 95% conﬁdence intervals.
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the simulator. The results of experiment 1 demonstrated that the
bone-sawing tasks on the proposed simulator can be suitably
learnt by repetitive practice and the simulator can differentiate be-
tween surgeons and novices, which conﬁrmed the construct valid-
ity of the simulator. The subjective evaluation of experiment 2
showed that the proposed simulator was helpful for learning
bone-sawing skill, which veriﬁed the face validity. The ﬁndings
of experiment 3 suggested that bone-sawing training on the simu-
lator was transferrable to real sawing operation, which proved the
transfer validity. Based on observation and feedback of participants
it was found that the proposed training simulator was well re-
ceived from a usability perspective and was helpful to trainees
for practicing and perfecting their bone-sawing skills, with safe
force learning and stable hand control.
There were some limits for this study. One limitation was that
only three major variables, namely, spindle speed, feed velocity
and bone density, were considered for haptic force calculating.
For reﬁned bone-sawing haptic force, the difference of the cutting
angle, tool’s type and size should be considered in the future work.
Another limitation was that the test model used in experiment 3
was synthetic model, which material was different with the real
bone. Moreover, more experiments were needed to study the skill
retention, i.e., to verify whether the bone-sawing skills retained
over a period of time. The future work includes the development
of more experiments to verify the validation of skill retention,
and the extending study of skills transfer to real surgery.
In conclusion, the visuo-haptic simulation of Lefort I level oste-
otomy in the maxillofacial surgery was realized in this study. The
experimental results demonstrated that the proposed simulatorwas validated to produce the positive effect of learning bone-saw-
ing skill. This simulator can be used as a training alternative for
trainees in bone-sawing operation. In the future, we will extend
our research to more bone surgeries with typical bone-machining
operations, and we will evaluate the validity with larger sample
sizes.
Acknowledgments
This study was supported by the National High-tech R&D
Program of China (Grant No. 2009AA045201) and by the National
Natural Science Foundation of China (Grant No. 51205250,
81372017 and 81000795).
References
[1] Coles TR, Meglan D, John NW. The role of haptics in medical training
simulators: a survey of the state of the art. IEEE Trans Haptics 2011;4:51–66.
[2] Hamza-Lup FG, Bogdan CM, Popovici DM, Costea OD. A survey of visuo-haptic
simulation in surgical training. eLmL 2011. In: The third international
conference on mobile, hybrid, and on-line learning; 2011. p. 57–62.
[3] Haluck RS, Marshall RL, Krummel TM, Melkonian MG. Are surgery training
programs ready for virtual reality? A survey of program directors in general
surgery. J Am Coll Surg 2001;193:660–5.
[4] Gallagher AG, Ritter EM, Champion H, Higgins G, Fried MP, Moses G, et al.
Virtual reality simulation for the operating room: proﬁciency-based training as
a paradigm shift in surgical skills training. Ann Surg 2005;241:364.
[5] Arbabtafti M, Moghaddam M, Nahvi A, Mahvash M, Richardson B, Shirinzadeh
B. Physics-based haptic simulation of bone machining. IEEE Trans Haptics
2011;4:39–50.
[6] Petersik A, Pﬂesser B, Tiede U, Hoehne K, Leuwer R. Haptic volume interaction
with anatomic models at sub-voxel resolution. Haptic interfaces for virtual
environment and teleoperator systems. In: 2002 HAPTICS 2002 Proceedings
10th Symposium on: IEEE; 2002. p. 66–72.
[7] Shantz JAS, Leiter JR, Gottschalk T, MacDonald PB. The internal validity of
arthroscopic simulators and their effectiveness in arthroscopic education. Knee
Surg Sports Traumatol Arthrosc 2012:1–8.
[8] Konukseven EI, Önder ME, Mumcuoglu E, Kisnisci RS. Development of a visio-
haptic integrated dental training simulation system. J Dent Educ
2010;74:880–91.
[9] Kusumoto N, Sohmura T, Yamada S, Wakabayashi K, Nakamura T, Yatani H.
Application of virtual reality force feedback haptic device for oral implant
surgery. Clin Oral Implant Res 2006;17:708–13.
[10] Tsai MD, Hsieh MS, Tsai CH. Bone drilling haptic interaction for orthopedic
surgical simulator. Comput Biol Med 2007;37:1709–18.
[11] Vankipuram M, Kahol K, McLaren A, Panchanathan S. A virtual reality
simulator for orthopedic basic skills: a design and validation study. J Biomed
Inform 2010;43:661–8.
[12] Wang Q, Chen H, Wu W, Qin J, Heng P. Impulse-based rendering methods for
haptic simulation of bone-burring. IEEE Trans Haptics 2012;5:344–55.
[13] Sofronia RE, Davidescu A, Savii GG. Towards a virtual reality simulator for
orthognathic basic skills. Appl Mech Mater 2012;162:352–7.
[14] Wu J, Yu G, Wang D, Zhang Y, Wang C. Voxel-based interactive haptic
simulation of dental drilling. In: International design engineering technical
conferences & computer and information in engineering conference California.
August 30–September 2, 2009, San Diego, California, USA: ASME; 2009.
[15] Onbasıog˘lu E, Atalay B, Goularas D, Soydan AH, Safak KK, Okyar F. Visualisation
of burring operation in virtual surgery simulation. ASME 2010.
[16] Tsai M-D, Hsieh M-S. Accurate visual and haptic burring surgery simulation
based on a volumetric model. J X-ray Sci Technol 2010;18:69–85.
[17] Eriksson M, Khan S, Wikander J. Face validity tests of a haptic bone milling
surgery simulator prototype. J Med Devices 2012.
[18] Hsieh MS, Tsai MDAR, Yeh YIDER. An amputation simulator with bone sawing
haptic interaction. Biomed Eng Appl Basis Commun 2006;18:229–36.
[19] Wang Q, Chen H, Wu W, Jin H, Heng P. Real-time mandibular angle reduction
surgical simulation with haptic rendering. IEEE Trans Inf Technol Biomed
2012;16:1105–14.
[20] Chen RJ, Lin HW, Chang YH, Wu CT, Lee ST. Development of an augmented
reality force feedback virtual surgery training platform. Int J Autom Smart
Technol 2011;1:41–51.
[21] Bayona S, Fernandez-Arroyo JM, Bayona P, Martin I. A global approach to the
design and evaluation of virtual reality medical simulators. ASME 2011.
[22] Singapogu RB, Smith DE, Long LO, Burg TC, Pagano CC, Burg KJ. Objective
differentiation of force-based laparoscopic skills using a novel haptic
simulator. J Surg Educ 2012;69:766–73.
[23] van der Meijden OAJ, Schijven M. The value of haptic feedback in conventional
and robot-assisted minimal invasive surgery and virtual reality training: a
current review. Surg Endosc 2009;23:1180–90.
[24] Morris D, Sewell C, Barbagli F, Salisbury K, Blevins NH, Girod S. Visuohaptic
simulation of bone surgery for training and evaluation. IEEE Comput Graph
Appl 2006;26:48–57.
Y. Lin et al. / Journal of Biomedical Informatics 48 (2014) 122–129 129[25] O’Leary SJ, Hutchins MA, Stevenson DR, Gunn C, Krumpholz A, Kennedy G,
et al. Validation of a networked virtual reality simulation of temporal bone
surgery. The Laryngoscope 2009;118:1040–6.
[26] Morris D, Tan H, Barbagli F, Chang T, Salisbury K. Haptic feedback enhances
force skill learning. In: EuroHaptics conference, 2007 and symposium on
haptic interfaces for virtual environment and teleoperator systems world
haptics 2007 second joint: IEEE; 2007. p. 21–6.
[27] Lorensen WE, Cline HE. Marching cubes: a high resolution 3D surface
construction algorithm. ACM Siggraph Computer Graphics: ACM; 1987. p.
163–9.[28] Wang CC, Wang CCL. Toward stable and realistic haptic interaction for tooth
preparation simulation. J Comput Inf Sci Eng 2010;10:9.
[29] Moulton C-AE, Dubrowski A, MacRae H, Graham B, Grober E, Reznick R.
Teaching surgical skills: what kind of practice makes perfect?: a randomized,
controlled trial. Ann Surg 2006;244:400.
[30] Datta V, Chang A, Mackay S, Darzi A. The relationship between motion analysis
and surgical technical assessments. Am J Surg 2002;184:70–3.
